Abstract: Nineteen papers focusing on recent research investigations in the field of nickel/metal hydride (Ni/MH) batteries have been selected for this Special Issue of Batteries. These papers summarize the joint efforts in Ni/MH battery research from BASF, Wayne State University, the National Institute of Standards and Technology, Michigan State University, and FDK during 2015-2016 through reviews of basic operational concepts, previous academic publications, issued US Patent and filed Japan Patent Applications, descriptions of current research results in advanced components and cell constructions, and projections of future works.
Introduction
Nickel/metal hydride (Ni/MH) rechargeable batteries are one of the important power sources for various consumer types of mobile applications, stationary energy storage, and, most distinctively, transportation usages. In the consumer market, more than one billion cylindrical cells are built annually to replace highly toxic Ni-Cd batteries and throw-away primary alkaline batteries with Ni/MH batteries of the same nominal voltage (1.2 V) and higher energy [1, 2] . In stationary applications, Ni/MH batteries offer a wide operation/storage temperature range, a high energy density, and a very long service life [3] [4] [5] . For propulsion applications, more than 10 million hybrid electrical vehicles currently on the road are powered by Ni/MH batteries [6] . New applications in start-stop types of micro-hybrid electrical vehicles [7] , temporary energy storage for train braking [8] , ferries [9] , and buses [10] are on the horizon.
Although Ni/MH batteries have an excellent track record for high abuse-tolerance and endurable service life, these batteries suffer from a relatively low gravitational energy density when comparing to rival Li-ion batteries [11] . The demand for higher mileage between charges limits the future perspectives of Ni/MH batteries in pure battery-powered electrical vehicles. In order to preempt the gap in energy density, ongoing research activities in Ni/MH are currently being conducted in the US, China, Japan, and Europe [12] . In this Special Issue of the journal Batteries, nineteen papers from research within the USA have been collected to reflect the current status of research and development in the area of Ni/MH batteries.
Contributions
The selected papers presented in this Special Issue are highlighted in this section. They are mainly from the research work conducted under a United States Department of Energy (DOE)-Advanced Research Projects Agency-Energy granted program (DE-AR0000386) and can be divided into four general categories: reviews on overall programs and Patents in the area (four papers); metal hydride (MH) alloys used as negative electrode active materials in Ni/MH batteries (eight papers); electrolyte composition and additives (two papers); and uses of analytic tools to investigate the nature and failure modes of components in Ni/MH batteries (five papers).
Reviews in Related Work
In this area, a single paper has been devoted to reviewing the major accomplishments of the Robust Affordable Next Generation Energy Storage System (RANGE) program funded by the DOE [13] ; two papers are reviews of Patents, specifically those granted in the US [14] and applied in Japan [15] ; and one review of the field of failure analysis of Ni/MH batteries [16] . In the RANGE program, new anodes, cathodes, and electrolytes-together with a new pouch type of cell assembly-were developed to boost the gravitational energy density of Ni/MH batteries to 145 Wh·kg −1 on the cell level. The combination of an advanced Si-anode with an extremely high potential capacity (up to 4000 mAh·g −1 ) and an ionic liquid electrolyte has led to a new era of Ni/MH battery development [13] . In the paper reviewing US Patents on the subject of Ni/MH batteries, 350 US Patents were studied, beginning with active materials, to electrode fabrication, cell assembly, system integration, application, and finally recovery and recycling [14] . This paper also gives a brief introduction to the major components used in Ni/MH batteries. Another paper reviewing Japanese Patent Application takes a different approach. Instead of by subject manner, these Patent Applications were categorized by the filing company/institute [15] . Applications from nine top Ni/MH battery manufacturers, five major component suppliers, and three research institutes (all based in Japan) are included, with special emphasis on the evolution of melting/casting apparatuses, fabrication of paste electrode, and cell construction. The last review paper focuses on studies of failure modes and degradation mechanisms of Ni/MH batteries [16] . The paper first gives a brief introduction to the structure of Ni/MH batteries and the common experimental methods used in failure analysis. It then describes the capacity loss mechanism under various conditions (temperature, rate, and storage duration), and finally, presents methods for improving the cycle stability using six approaches: improvement to cell design, negative and positive electrodes, separator, electrolyte, and other components.
Metal Hydride Alloys
MH alloys are the active component in the negative electrodes of Ni/MH batteries and are capable of reversibly storing hydrogen in an electrochemical environment [17] . MH alloys with suitable metal-bond strengths for room-temperature electrochemical application can be categorized as solid-solution and pseudo-binary inter-metallic alloys, specifically A 3 B, A 2 B, AB, AB 2 , AB 3 , A 2 B 7 , and AB 5 , where A is one or a combination of rare earth, alkaline earth, and light transition metal elements (Ti and Zr) and B is from the group of transition metals (mainly Ni) [18] . Comparisons of the general properties [19] and the high-rate potentials [20] of these alloy systems are available. Out of the eight available alloy systems, four are discussed in this Special Issue and are summarized as follows. Modifications of the A-site atom in body-centered-cubic (bcc) solid-solution alloys increases the storage capacity [21] . The effects of the incorporation of Mg or Ce in the Laves phase-based AB 2 MH alloys are discussed in [22, 23] , respectively. Formula optimization [24] and A-site substitution [25] in a series of Laves phase-related bcc alloys leads to a MH alloy suitable for electrical vehicle applications (P37 in [13] ). TiNi-based AB MH alloys were investigated due to their low raw material costs and because they are free of rare earth elements [19] . Density function theory has also been employed to study the solubility of two ZrNi-based intermetallic alloys [26] . Last but not least, a new concept of using nickel hydroxide as the anode for Ni-Ni batteries is discussed [27] . In addition to the eight papers focusing on MH alloys, the failure mechanisms of a series of Co-substituted A 2 B 7 superlattice alloys is discussed [28] , and initial research activities focused on an Mg-based AB MH alloy can be found in the paper discussing the contribution of various hydroxides in the electrolyte [29] .
Electrolyte
Part of the high-rate charge/discharge capabilities in Ni/MH batteries originates from the use of highly conductive alkaline electrolytes (30-35 wt% KOH). However, the highly corrosive nature of these electrolytes limits the choice of MH alloys. For example, extremely low cycle stabilities have been reported with Mg- [30, 31] and V-containing [32] MH alloys. Therefore, studies focused on balancing corrosion and conductivity in the electrolytes were conducted through the choice of hydroxides [29] and salt additives [33] . In addition, the use of ionic liquid to replace alkaline solution as electrolyte was shown to be effective in reducing corrosion, which allowed attempts to develop high-capacity Si-anodes [13] .
Analytic Methodology
Many analytic tools have been applied during the research and development of Ni/MH batteries. While analytical methods for MH alloy research can be found in one article [34] , those involved in the failure analysis are summarized in a paper in this Special Issue [16] . In this Special Issue, the many uses for transmission electron microscopy (TEM) [35] , electron backscatter diffraction (EBSD) [36, 37] , and X-ray energy dispersive spectroscopy (EDS) elemental mapping in a scanning electron microscope (SEM) [28] , X-ray diffraction (XRD), and newly developed electrochemical pressure-concentration-temperature (PCT) measurements [38] were demonstrated to be effective for investigations into the microstructures and various mechanisms in electrochemistry and hydrogen gas-solid interactions. TEM results for a Si-doped AB 2 MH alloy [35] revealed a highly catalytic surface/interface microstructure which accounts for the superior low-temperature performance of the alloy and varies greatly from the conventional nano-Ni clusters embedded in surface oxide model [39, 40] . The alignment in the crystallographic orientations of the constituent phases revealed by the EBSD technique [36, 37] confirm the cleanness of the interface, which is therefore capable of generating synergetic effects and boosting the electrochemical performance of the multi-phase MH alloy systems [25] . A study comparing gaseous phase PCT and electrochemical PCT further distinguishes the synergetic effects in both environments [38] . The last paper exhibits a combination of analytic tools-including inductively coupled plasma, XRD, SEM, and EDS-to study the failure mechanism of AB 5 and A 2 B 7 MH alloys after cycling at high temperature in a sealed-cell configuration [28] .
Conclusions
The joint research efforts from BASF-Ovonic and their collaborators (2015-2016) are highlighted here through nineteen papers focused on the area of Ni/MH batteries in this Special Issue of Batteries. It has been demonstrated that achieving equalization of the energy density in the pack level between Ni/MH and rival Li-ion batteries is possible through the use of advanced components obtained from these studies. Future research will be focused on high-capacity Si-anodes, choice of high-voltages, multi-electron transfer cathodes, and implementation of the pouch cell design with the use of ionic liquid as the electrolyte.
